Atmospheric transport is the major route for global distribution of semi-volatile compounds such as halogenated aromatics as well as their major exposure route for humans. Their major atmospheric removal process is oxidation by hydroxyl radicals. There is very little information on the reaction mechanism or reaction-path dynamics of atmospheric degradation of halogenated benzenes. Furthermore, the measured reaction rate constants are missing for the range of environmentally relevant temperatures, i.e. 230-330 K. A series of recent theoretical studies have provided those valuable missing information for fluorobenzene, chlorobenzene, hexafluorobenzene and hexachlorobenzene. Their comparative analysis has provided additional and more general insight into the mechanism of those important tropospheric degradation processes as well as into the mobility, transport and atmospheric fate of halogenated aromatic systems. It was demonstrated for the first time that the addition of hydroxyl radicals to monohalogenated as well as to perhalogenated benzenes proceeds indirectly, via a prereaction complex and its formation and dynamics have been characterized including the respective transition-state. However, in fluorobenzene and chlorobenzene reactions hydroxyl radical hydrogen is pointing approximately to the center of the aromatic ring while in the case of hexafluorobenzene and hexachlorobenzene, unexpectedly, the oxygen is directed towards the center of the aromatic ring. The reliable rate constants are now available for all environmentally relevant temperatures for the tropospheric oxidation of fluorobenzene, chlorobenzene, hexafluorobenzene and hexachlorobenzene while pentachlorophenol, a well-known organic micropollutant, seems to be a major stable product of tropospheric oxidation of hexachlorobenzene. Their calculated tropospheric lifetimes show that fluorobenzene and chlorobenzene are easily removed from the atmosphere and do not have long-range transport potential while hexafluorobenzene seems to be a potential POP chemical and hexachlorobenzene is clearly a typical persistent organic pollutant.
Introduction
A large amount of volatile and semivolatile organic chemicals (10 8 tons) are released annually into the atmosphere from a variety of anthropogenic sources. 1 The primary removal route of anthropogenic pollutants from the atmosphere is their oxidation by various oxidizing species present in the atmosphere. 2, 3 The most effective atmospheric degradation process is oxidation by hydroxyl radicals [4] [5] [6] [7] due to their high reactivity as well as their signicant and constant tropospheric concentration, i.e. 9.7 Â 10 5 radicals cm À3 . 8 It is of interest to note here that oxidation by hydroxyl radicals is also important for (bio) degradation of organic pollutants in aquatic and terrestrial systems. [9] [10] [11] [12] Other oxidation species that effectively contribute to the removal of anthropogenic pollutants from the atmosphere are ozone (O 3 ), the nitrate radical (NO 3 ) and halogen atoms. However, NO 3 radicals only reach sufficient concentration and reactivity during the night 13 whereas ozone molecules show signicant reactivity only with unsaturated compounds, i.e. alkenes and polyenes. Consequently, these two oxidation species contribute less to the global oxidizing capacity of the atmosphere.
Today, the databases of evaluated kinetic data for the gasphase reactions of hydroxyl (OH) radicals with various organic compounds contain about 800 recommended reaction rate constants, 2,14-16 primarily derived from laboratory studies performed during the last four decades. In the last couple of years, the annual rate of collection and evaluation of those reaction rates is such that it allows for the addition of 10-20 new organic compounds per year. At the same time, the rate constants for the reaction of NO 3 radicals with organic pollutants are available for only about 260 compounds, 2, 17, 18 and there are even less data for the reactions of ozone with alkenes or polyenes, i.e. for about 170 compounds. [19] [20] [21] [22] However, the number of commercial chemicals that are produced in signicant quantities, and/or are in everyday use, is at least two orders of magnitude larger, i.e. up to 120 000 commercial chemicals. 23 Since the experimental data on tropospheric degradation rates of commercial chemicals are available only for about 1% of those substances and because this information is critical for a reliable evaluation of their mobility, long-range transport, and environmental fate as well as their possible adverse effects or exposure on humans and the environment (i.e. for the environmental risk assessment of commercial chemicals), a large number of quantitative models have been developed since the early eighties for estimating the gas-phase (tropospheric) degradation rates of organic chemicals in oxidation reactions with OH or NO 3 radicals and ozone. [5] [6] [7] 9, 13, 16, 18, 21, 22, 24, 25 The early models were based either on the fragment contribution method 24, 25 or on simple correlations with spectroscopic data [26] [27] [28] or some physico-chemical properties. 29, 30 The most popular model, even today, is the Atkinson's group contribution method, 25 which is implemented by the US EPA into the EPIWIN Suite of models 31 as the AOPWIN module and which is regularly used to routinely estimate the tropospheric degradation rates and half-lives of organic compounds.
During the last twenty years the emphasis of modeling research has shied towards the development of complex statistical multivariate quantitative models based on a large number of topological, structural, geometric and/or electronic properties (descriptors) primarily calculated by various quantum-chemical methods. 7, 9, 16, 18, 21, 22, [32] [33] [34] [35] [36] [37] [38] The majority of these statistical models claims a high level of accuracy in predicting tropospheric degradation rates of organic chemicals by the respective oxidation species and may be useful in estimating degradation rates of commercial chemicals for which no such data are available. Unfortunately, those statistical multivariate models provide no information regarding either the reaction mechanism and reaction-path dynamics of these important atmospheric processes or about the temperature dependence of the reaction rates, despite claims to the contrary in some of those studies. At best, those modeling studies can only support results on the reaction mechanism or reaction-path dynamics obtained by experimental or theoretical studies.
A tremendous development of computational technology, hardware and soware during the last two decades has enabled the accurate and efficient calculation of the energy proles and reaction-path dynamics of gas-phase reactions with various tropospheric oxidation species. Since the mid-nineties, literally hundreds of theoretical studies have been published 6,7,9 on the detailed reaction mechanisms of the oxidation of organic chemicals by OH radicals, NO 3 radicals, ozone, halogen atoms or other reactive species present in the troposphere. Today, those studies are routinely performed by a large number of research groups around the globe. One of the early major achievements made by theoretical studies was to reveal that, contrary to the generally accepted opinion, [39] [40] [41] [42] [43] [44] the hydrogen abstraction by OH radicals proceeds by an indirect mechanism, i.e. through the formation of a pre-reaction complex. [45] [46] [47] [48] Concomitantly, analogous theoretical studies have been performed for almost all types of aliphatic compounds, such as alkanes and alkenes, 39,49-51 halogenated alkanes and alkenes, 40, 45, [52] [53] [54] [55] terpenes, 56-58 alcohols, 59,60 ethers, 61,62 carbonyl compounds, 47,63-65 organic acids 66, 67 and esters. 68, 69 These studies have revealed the detailed reaction mechanisms, the reaction-path dynamics and the reaction rates for tropospheric degradation of aliphatic chemicals. On the contrary, the number of studies in which the OH radical reacts or interacts with aromatic systems is quite limited. The detailed investigations on reaction mechanisms, reaction-path dynamics and reaction kinetics are available mainly for benzene and some of its monosubstituted derivatives, i.e. benzene, 70-74 toluene, [75] [76] [77] phenol, 78 uorobenzene, 79 chlorobenzene 80,81 or naphthalene. 82 There are several reasons for such a small number of theoretical studies on aromatic compounds but the major ones are: (i) their signicant size and exceptionally complex reaction mechanisms, which involve several reaction channels with a large number of intermediates as well as the primary and secondary products, and (ii) the use of advanced theoretical methods that are not of a routine nature and require experienced researchers to obtain meaningful results.
In our earlier studies on uorobenzene 79 and chlorobenzene 81 various levels of quantum-chemical theory and kinetic theory have been evaluated in order to reveal the approach that most satisfactorily reproduces the experimental reaction rates and unusual temperature dependence for their oxidation by hydroxyl radicals. It was demonstrated that MP2 and G3 methods provide valuable information on the reaction mechanism of hydroxyl radical addition to simple haloaromatic systems and the corresponding thermodynamic data. Those results coupled with the RRKM (Rice-Ramsperger-Kassel-Marcus) kinetic theory have successfully reproduced the measured reaction rates and unusual temperature dependence for the oxidation of uorobenzene 79 and chlorobenzene. 81 Recently, the same approach was also successfully applied to obtain valuable information on the reaction mechanism and reaction-path dynamics for atmospheric oxidation of perhalogenated benzenes, 83,84 one of them being hexachlorobenzene, a model persistent organic pollutant (POP) from the original list of the twelve major POPs listed under the Stockholm Convention. 85, 86 In this study, a comparative analysis will be made on the reaction mechanisms, thermodynamic data, calculated reaction rates and their temperature dependence as well as on the potential stable products of the atmospheric oxidation of halogenated benzenes by OH radicals. A particular emphasis will be given to the effect of anharmonicity and a two-dimensional particle-in-the-box approximation on the reaction dynamics and kinetics. This way we hope to gain additional and more general insight into the mechanism of those important tropospheric degradation processes as well as into the mobility, transport and atmospheric fate of halogenated aromatic systems.
Computational framework
The optimized geometries of all stationary points and corresponding frequencies were calculated using either MP2/6-31+G(d,p) for oxidation of uorobenzene and chlorobenzene or the MP2/6-311G(d,p) method for oxidation of hexa-uorobenzene and hexachlorobenzene while the unrestricted wavefunction was used for all radical species. IRC calculations have conrmed the connection between the transition state and minima in each reaction pathway and for all reaction steps. Geometry, frequency and IRC calculations were conducted using the GAMESS program. 87 Single point energies were calculated by the G3 method 88,89 on all optimized stationary points using the Gaussian program package. 90 The prereaction complexes were optimized with a very tight gradient cutoff (10 À7 Ha bohr À1 ) and a projection Hessian matrix was used in normal mode calculations to remove translational and rotational contaminants. 91 Their normal modes were examined and those describing dissociation of the prereaction complexes were determined.
The MP2/6-31+G(d,p) or MP2/6-311G(d,p) optimized geometries and G3 energies were used for calculating the rate constants and frequencies were scaled by 0.941 before using them in the thermodynamic and density of states calculations. However, the normal modes that describe internal rotation of the hydroxyl group were treated explicitly as internal rotors. Furthermore, the relative translation of the hydroxyl radical with respect to halogenated benzenes in the prereaction complexes was treated as a two-dimensional particle-in-the-box potential. 79, 81, 83, 84 Reaction between the hydroxyl radical and individual halogenated benzene is divided into two steps (eqn (1)). The rst step is the association of reactants and formation of a prereaction complex and the corresponding rate constants were calculated by combining the statistical thermodynamics calculations using the Thermo program from the MULTIWELL program package [92] [93] [94] and RRKM method 95, 96 in the high pressure limiting regime. The second step is rearrangement of the prereaction complex into the adduct and its efficiency is modeled using the exact Gillespie stochastic method.
A separate density of states calculation was performed for the prereaction complex treating the relative translation of the OH radical over halogenated benzenes as the particle-in-the-box. The particle-in-a-box approximation is implemented in the Densum program of MULTIWELL program package. It was applied in the density of states calculation for the prereaction complex by selecting an appropriate option for the relative translation of the OH radical over halogenated benzenes.
A more detailed description of computational methods and procedures can be found in the original studies. 79, 81, 83, 84 
Comparative analysis and discussion

Formation and properties of prereaction complexes
The reaction path for the addition of hydroxyl radicals to halogenated benzenes proceeds via a prereaction complex as shown in Fig. 1 for hexauorobenzene. The prereaction complexes are strongly bound species and their binding energies for mono-and per-uorinated or chlorinated benzenes range from 3 to 6.6 kcal mol À1 . In the prereaction complexes, the hydroxyl radical is almost perpendicular to the benzene ring ( Fig. 2) . In monohalogenated benzenes, uorobenzene and chlorobenzene, the hydrogen atom is pointing approximately to the center of the aromatic ring 79,81 while for perhalogenated benzenes, hexauorobenzene and hexachlorobenzene, an oxygen atom is pointing approximately to the center of the aromatic ring. 83, 84 The separations between hydroxyl radical hydrogen and the center of the aromatic ring are 2.35 and 2.44Å, respectively, for uorobenzene and chlorobenzene while the separations (1) between hydroxyl radical oxygen and the aromatic ring are somewhat larger for hexauorobenzene and hexachlorobenzene, i.e. 2.76 and 2.89Å, respectively. The higher stabilization energies of prereaction complexes with perhalogenated benzenes (4.75 or 6.6 kcal mol À1 ) seem to be a consequence of electrostatic interaction between the partially negatively charged oxygen atom and a positive electrostatic potential of the aromatic ring due to the strong electron withdrawing effect of six halogen atoms ( Fig. 3 ). 97 An analogous complex was published also for hexauorobenzene and hydrogen uoride. 98 In the case of monohalogenated benzenes, the lower stabilization energies of prereaction complexes (2.98 or 2.99 kcal mol À1 ) are a result of electrostatic interaction between the partially positively charged hydrogen atom and a negative electrostatic potential of the aromatic ring ( Fig. 3 ). 97 The formation of prereaction complexes proceeds across loose transition states 79, 81, 83, 84, 95, 96 which are favorable for the formation of prereaction complexes since those transition states reduce the dissociation rate of prereaction complexes (eqn (1)). The loose transition states seem to be analogous to the outer transition state suggested for the addition of the hydroxyl radical to ethylene. 99 Each prereaction complex has several low vibrational frequencies (35-90 cm À1 ) corresponding to the relative motions of the OH radical and halogenated benzene which are critical for the oxidation of halogenated benzenes. One degree of freedom corresponds to receding of the hydroxyl radical from the corresponding halogenated benzene while two degrees of freedom correspond to the nearly free movement of the hydroxyl radical across the plain of the aromatic ring. By the last two motions, the hydroxyl radical can approach all aromatic carbons and interact with them. The normal mode which corresponds to the receding motion of the hydroxyl radical is responsible for the dissociation of the prereaction complex.
Rearrangement of prereaction complexes into the "hot" adducts
In the prereaction complexes, the hydroxyl radical is almost perpendicular to the aromatic ring and points approximately to the center of the aromatic ring. It has a at potential energy surface ( Fig. 4 ) which makes possible the large amplitude motions of the hydroxyl radical. For example, in the case of a hexachlorobenzene prereaction complex the change in its potential energy is only 8 meV (0.185 kcal mol À1 ) while the OH radical slides from the center of the ring to one of the carbon atoms which compares favorably with the room temperature thermal energy of about 25 meV (0.577 kcal mol À1 ). These large amplitude motions enable the hydroxyl radical to approach all carbon atoms in the benzene ring and interact with them.
Once the hydroxyl radical approaches one of the carbon atoms in halogenated benzenes, it starts to change its orientation from perpendicular to parallel with respect to the benzene ring. At the same time, the oxygen atom and a specic carbon View Article Online atom start to attract each other and, consequently, the carbon atom at the reaction center moves from the aromatic ring plain toward the oxygen atom. The range of displacements of such carbon atoms from planarity is between 0.2 and 0.4Å for tested halogenated benzenes. All these processes result in a signicant increase in the potential energy of the reacting system and the transition state is formed at that stage (Fig. 5 ). In the transition state, the hydroxyl radical is approximately parallel to the aromatic ring. The oxygen atom is located directly above the interacting carbon atom while the hydrogen atom is pointing towards the ring center. The separation between hydroxyl radical oxygen and reacting carbons is almost identical, i.e. 1.96-1.97Å, for all ten transition states of uorobenzene, chlorobenzene, hexauorobenzene and hexachlorobenzene oxidation by the hydroxyl radical. The C-O bond formation and concurrent relaxation of the aromatic ring lower the energy of the reacting molecular system and it slides into a deep well producing a "hot" adduct with a large amount of excess energy (20-40 kcal mol À1 ). The detailed reaction pathway dynamics, from the prereaction complexes to the formation of adducts, for chlorobenzene and hexachlorobenzene are shown in the video les published as freely accessible supplement material in the source publications 
Reaction thermodynamics
All oxidation reactions of halogenated benzenes by hydroxyl radicals are highly exothermic and have reaction enthalpies from À14.5 to À32.8 kcal mol À1 (Table 1 ) and, at its rst step, produce "hot" adducts with large amounts of excess energy. However, all those reactions also have high reaction barriers which range from 5.2 up to 7.3 kcal mol À1 (Table 1 ) and consequently the rearrangement of prereaction complexes into "hot" adducts seems to be kinetically driven. Unfortunately, there is no simple correlation between calculated reaction barriers and measured reaction rates although the slowest reaction for hexachlorobenzene also has the highest reaction barrier. Thus, it is fair to conclude that the rate control for the oxidation reactions of halogenated benzenes by the hydroxyl radical is most probably an intricate interplay between the depth of the prereaction complex well, i.e. the amount to excess energy present in the prereaction complex, and the height of the reaction barrier for the individual reaction.
Reaction rates and atmospheric lifetimes
There is an exceptional correspondence between the calculated and measured rate constants for all four oxidation reactions of halogenated benzenes by hydroxyl radicals 79, 81, 83, 84 (Table 2) and it holds for the whole temperature range of available measured data. Thus, for the rst time, reliable rate constants are available for the whole range of environmentally relevant temperatures for atmospheric degradation of important halogenated benzenes, i.e. uorobenzene, chlorobenzene, hexauorobenzene and hexachlorobenzene. Furthermore, the unusual and different temperature trends were nicely reproduced for all four oxidation reactions of halogenated benzenes by hydroxyl radicals, i.e. no or very weak temperature dependence for uorobenzene and chlorobenzene, weak but signicant positive temperature dependence for hexauorobenzene and positive, nonlinear temperature dependence for hexachlorobenzene. However, in order to obtain such a good correspondence between the calculated and measured rate constants, it was necessary to introduce two critical approximations in the procedure for calculating reaction rate constants. First of all, we had to apply a two-dimensional particle-in-the-box approximation to correctly describe the relative translation of the hydroxyl radical with respect to individual halobenzene in the prereaction complex since the harmonic oscillator approximation poorly describes this low frequency motion which has a very at potential as shown for hexachlorobenzene in Fig. 4 . In order to demonstrate even more clearly the poor performance of harmonic oscillator approximation in describing this translational motion, we have plotted in Fig. 6 the 2D potential energy of harmonic oscillator vs. two-dimensional particle-inthe-box approximation for the translation of the hydroxyl radical over hexachlorobenzene. Even a brief inspection of Fig. 6 clearly shows that the particle-in-the-box approximation provides far more adequate description of at potential presented in Fig. 4 . It should be also indicated here that, besides the major difference in the shape of those two potential curves, there is a large difference in the zero point energies, 2.28 (0.053) vs. 0.153 (0.0035) meV (kcal mol À1 ), as well as in the density of states. Thus, the particle-in-the-box approximation facilitates the rearrangement of prereaction complexes into adducts and signicantly increases all reaction rates, up to several orders of magnitude for hexachlorobenzene (Table 3) .
For reactions of uorobenzene, chlorobenzene and hexa-uorobenzene, it was also necessary to adjust the level of the reaction barrier and prereaction complex well in order to reproduce the measured reaction rate constants. This correction facilitates the formation of prereaction complexes as well as the rearrangement of prereaction complexes into adducts. However, although this correction also has a signicant effect on reaction rates, its magnitude is relatively constant and about 103. Fig. 6 The potential energy plots of harmonic approximation (a) and a two-dimensional particle-in-the-box approximation (b) for the translation of the hydroxyl radical over hexachlorobenzene. 1 meV ¼ 0.023 kcal mol À1 . Table 3 The correction factor of calculated reaction rates for the addition of the hydroxyl radical to halogenated benzenes due to the twodimensional particle-in-the-box approximation and the lowering of energies of the prereaction complex well and reaction barrier a 
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an order of magnitude for all three reactions (Table 3 ). It should be noted that the energy correction applied for those three oxidation reactions is smaller or equal to the uncertainty (1.07 kcal mol À1 ) in G3 results obtained for a representative set of 376 test molecules. 88 Furthermore, by energy corrections of reaction barriers and prereaction complex wells, the whole potential energy proles between them have been shied and, thus, the energy gaps between those two most important stationary points were unaltered. The high quality of calculated reaction rate constants for the whole range of environmentally relevant temperatures 79, 81, 83, 84 enabled the calculation of accurate tropospheric lifetimes for uorobenzene, chlorobenzene, hexauorobenzene and hexachlorobenzene. Their tropospheric lifetimes were calculated by
where k calc is the calculated reaction rate at 277 K, the average temperature of the Earth's troposphere, 104 and [OH] is the global tropospheric hydroxyl radical concentration averaged over 24 h period (9.7 Â 10 5 radicals per cm 3 ). 8 The calculated tropospheric lifetimes and calculated reaction rates at 277 K for oxidation by hydroxyl radicals are shown in Table 4 . The calculated reaction rates at 277 K were interpolated from the calculated rate constants at 270 and 280 K. The calculated tropospheric lifetimes of uorobenzene and chlorobenzene show that those chemicals are relatively easily removed from the atmosphere and do not have potential for a long-range transport. For hexauorobenzene the calculated tropospheric lifetime is 237 days which indicates its status as a potential POP chemical. Finally, the calculated tropospheric lifetime of hexachlorobenzene is 522 days which supports its status of a classical POP chemical as well as its observed longrange transport. 105, 106 Namely, today hexachlorobenzene is regularly detected all over the world in the air, soil, water, sediment, biota and human tissue samples including the remote areas. [105] [106] [107] [108] Furthermore, in the recent study it was detected in 99.9% of human serum samples of the US population. 109 
Stable oxidation products of halogenated benzenes
There is little or no information on the reaction products of hydroxyl radical addition to halogenated benzenes and in particular for perhalogenated derivatives, hexauorobenzene and hexachlorobenzene. The reaction with O 2 has been identi-ed as the main reaction channel in the troposphere for aromatic adducts (X-C 6 H 5 -OH, X ¼ H, CH 3 , OH, etc.) 74, 110, 111 and major stable products are phenols. 110, [112] [113] [114] Glowacki et al. 73 examined the product formation channels for hydroxyl radical addition to benzene. It was found out that phenol and HO 2 are formed predominantly by direct ipso-hydrogen abstraction by O 2 from the HO-benzene adduct. Their high yield (55%) was in agreement with the recent experimental results. 112, 113, 115 For uorobenzene, the yield of 4-uorophenol was 10% following the reaction of the hydroxyl radical and uorobenzene while the yield of 2-uorophenol or 3-uorophenol was below the detection limits (>3%). 101 Consequently, we have calculated the reaction barriers for the elimination of uorine atom from an ipso-adduct, product phenol, as well as for the elimination of hydrogen atom from the para-adduct, product 4-uorophenol. 79 The G3 reaction barrier for elimination of uorine atom was 22.4 kcal mol À1 but, since the excess energy of the "hot" ipsoadduct was 27.6 kcal mol À1 , this reaction channel seems to be feasible. However, since the ipso-adduct is only a minor primary product, this reaction channel may contribute only a small fraction of total phenols. The G3 reaction barrier for elimination of hydrogen atom was similar, i.e. 23.8 kcal mol À1 while the excess energy of the "hot" para-adduct was 19.7 kcal mol À1 and this reaction channel may be feasible too. Since the para-adduct is a major primary product, it seems that the direct elimination of hydrogen atom also contributes to the formation of 4-uorophenol. It was also evaluated for chlorobenzene 80 and bromobenzene 116 that phenol can be produced by the direct elimination of halogen atoms from their ipso-adducts.
By analogy to the tropospheric oxidation of monosubstituted benzenes, it may be assumed for perhalogenated derivatives that the major ring-retaining product will be pentauorophenol or pentachlorophenol, produced by direct elimination of halogen atoms from the respective adduct (eqn (3)).
(3)
In order to prove that this process is thermodynamically and kinetically feasible, the transition state was optimized for the direct elimination of chlorine atom from the "hot" hexachlorobenzene adduct. The optimized geometry shows that the separation between the quaternary carbon atom and the leaving chlorine in the transition state is 3.31Å and that the reaction barrier for the direct elimination of chlorine atom and formation of pentachlorophenol is quite low, only 4.1 kcal mol À1 . 84 Since the excess energy of the "hot" hexachlorobenzene adduct is huge with respect to this reaction barrier, i.e. 32 kcal mol À1 , the above results unambiguously demonstrate that the formation of pentachlorophenol is thermodynamically and kinetically feasible and that it should proceed easily. An analogous product, i.e. pentauorophenol, was also recently postulated for the reaction of the hydroxyl radical with hexauorobenzene 83 View Article Online since for its "hot" adduct excess energy is also more than 30 kcal mol À1 . Since the tropospheric concentration of hexachlorobenzene is fairly constant and uniform, 117, 118 the atmospheric production of pentachlorophenol seems to be a global phenomenon that will proceed at a constant pace for a long time due to the steadystate concentration of atmospheric hexachlorobenzene. Once produced, pentachlorophenol, due to its lower hydrophobicity, will be transported by the wet or dry deposition into the Earth's aquatic and solid systems since both compartments have a much higher affinity for pentachlorophenol than the air. Those results reveal that the troposphere may be an undisclosed global secondary source of pentachlorophenol relevant for all environmental compartments as well as a new exciting research area.
Conclusions
Direct and detailed insight was obtained into the complete reaction mechanism and reaction dynamics of OH radical addition to four halogenated benzenes, i.e. uorobenzene, chlorobenzene, hexauorobenzene and hexachlorobenzene. The presented studies have shown for the rst time that the addition of OH radicals to all halogenated benzenes proceeds via a prereaction complex. The structure and reaction dynamics of prereaction complexes of monohalogenated benzenes are substantially different from those of perhalogenated benzenes. Namely, in the prereaction complexes of uorobenzene and chlorobenzene hydrogen atoms of hydroxyl radicals are pointing approximately to the center of the aromatic ring while in the case of hexauorobenzene and hexachlorobenzene the oxygen atom is unexpectedly directed towards the center of the aromatic ring. The substantial structural difference in the prereaction complexes is a consequence of a positive electrostatic potential of the aromatic ring in hexauorobenzene and hexachlorobenzene due to the strong electron withdrawing effect of six halogen atoms. All oxidations of halogenated benzenes by hydroxyl radicals are highly exothermic and produce "hot" adducts with large amounts of excess energy. It was also demonstrated that pentachlorophenol, a well-known organic micropollutant, may be a major stable product of tropospheric oxidation of hexachlorobenzene and that atmosphere seems to be its hidden global secondary source. The reliable rate constants are now determined for the whole range of environmentally relevant temperatures (230-330 K) for the oxidation of uorobenzene, chlorobenzene hexauorobenzene and hexachlorobenzene by hydroxyl radicals and calculated rate constants are in excellent agreement with available experimental data. However, for such a good correspondence between the calculated and experimental results it was necessary to use two-dimensional particle-in-the-box approximation for the translation of the hydroxyl radical in prereaction complexes. Furthermore, it is now also possible to calculate the reliable tropospheric lifetimes of those halogenated benzenes for the whole range of environmentally relevant temperatures. The calculated tropospheric lifetimes clearly show that uorobenzene and chlorobenzene are relatively easily removed from the atmosphere and do not have potential for a long-range transport while hexauorobenzene with a calculated tropospheric lifetime of 237 days indicates its status as a potential POP chemical and the calculated tropospheric lifetime of hexachlorobenzene, i.e. 522 days, supports its status of a classical persistent organic pollutant.
